Hypertension is the most prevalent risk factor for cardiovascular disease caused by a persistent increase in arterial blood pressure that has lasting effects on the mechanical properties of affected tissues like myocardium and blood vessels. Our group recently discovered that gut dysbiosis is linked to hypertension in several animal models and humans; however, whether hypertension influences the gut's mechanical properties remains unknown. In this study, we evaluated the hypothesis that hypertension increases fibrosis and thus mechanical properties of the gut. A custom indentation system was used to test colon samples from Wistar Kyoto (WKY) normotensive rats and Spontaneously Hypertensive Rats (SHR). Using force-displacement data, we derived an steady-state modulus metric to quantify mechanical properties of gastrointestinal tissue. We observed that SHR proximal colon has a mean steady-state modulus almost 3 times greater than WKY control rat colon (5.11 ± 1.58 kPa and 18.17 ± 11.45 kPa, respectively). These increases were associated with increase in vascular smooth muscle cells layer and collagen deposition in the intestinal wall in the SHR.
Introduction
Hypertension (HTN) is a well-documented risk factor for cardiovascular disease and is one of the leading causes of death worldwide [1] . Causes of HTN include genetic predisposition, unhealthy lifestyle, and hormonal imbalances. Despite major advances in pharmacology and habitual lifestyle changes, HTN still retains a high prevalence rate. In efforts to improve our understanding of HTN, we recently discovered a link between HTN and disruption in microbes of the gut, known as gut dysbiosis [2] . Many of the causes of HTN, such as genetics, age, diet, and lifestyle differences, can cause disruptions in gastrointestinal microbiota [3] . Our group has found extensive evidence of gut dysbiosis in both the Spontaneously Hypertensive Rat (SHR) model and in patients with high blood pressure [2] . Since cardiovascular tissue stiffens in response to smooth muscle remodeling in HTN [1, 4] , and recognizing gastrointestinal (GI) tissue comprises smooth muscle cells to move waste and facilitate digestion [5] , we hypothesized that the gut similarly will stiffen with HTN through increased matrix deposition and smooth muscle cell proliferation. Vascular smooth muscle remodeling has already been demonstrated in the SHR line [6] , making this rat line a good model to investigate gastrointestinal smooth muscle remodeling as a result of gut dysbiosis and HTN.
Mechanics of gastrointestinal tissue have been characterized using a variety of approaches, but the results vary widely among techniques and labs (Fig. 1) . Some characterization methods yield variable results because the equipment was originally designed for traditional engineered materials, such as aluminum or titanium, that are orders of magnitude stiffer than biological tissue. Because of this, new equipment and methodologies have been developed, including redesigned test rigs and diverse techniques such as atomic force microscopy (AFM). AFM methods are useful to quantify properties at the nano-to micro-scale level and are appropriate for investigating cellular-level mechanics [13] . However, they are not suitable to characterize large areas of tissue that are micro-to milli-scale in size [14] . Additional variation in quantified properties can arise from erroneously fitting data to linear elastic constitutive models originally derived for materials such as ceramics or metals; the soft, viscous, and strain-rate sensitive nature of most organs and tissues further complicates attempts at characterization. To properly characterize tissue-level mechanics, we have developed our own multi-scale indentation system to characterize soft, hydrated samples [15] that is sensitive enough to detect forces in the initial linear range of indentation. We and others have used similar indentation methods to determine mechanical properties of heart [15] , muscle [16] , brain [17] , and other gastrointestinal tissue [14] . By modifying the well-developed Hertz contact model to identify a "steady-state modulus" with our multi-scale indenter, we have the capability to distinguish mechanical properties between biological samples to inform future mechanobiology experiments. Using the Spontaneously Hypertensive Rat as a well-accepted model of HTN, we find that steady-state modulus of HTN gut is increased over age-matched controls. Stained intestine from both control and SHR lines suggest increases in matrix deposition and smooth muscle proliferation may contribute to stiffening, but further experiments are warranted to understand the pathophysiological effects of dysbiosis on the gastrointestinal and cardiovascular systems.
Materials and methods

Specimen preparation
All animal procedures were approved by the University of Florida Institutional Animal Care and Use Committee. The SHR rat line was formed in the 1960s by breeding Wistar-Kyoto (WKY) rats with high blood pressure [18] . SHRs begin developing HTN around 5-6 weeks of age, develop cardiac failure at 18-24 months, and are frequently used for systemic hypertensive studies [19] . Proximal colon samples were tested from both normotensive control (WKY, n = 5) and SHR (n = 4) lines. At 20 weeks of age, WKY rats had a mean arterial pressure (MAP) of 99 ± 3 mmHg, and SHR had MAP of 158 ± 2 mmHg. Rats were euthanized and a 2-2.5 cm section of colon was excised. Freshly isolated tissue samples were placed in cold media solution consisting of Dulbecco's Modified Eagle Medium (DMEM) and 5% Fetal Bovine Serum (FBS) and tested within 4 h of isolation.
Colon samples were cleaned initially by gently pushing feces out of the sample with a soft edge. Samples were then cut open longitudinally, rinsed in cold buffered saline, and placed flat on Petri dishes for testing. Tissues were handled and placed to ensure that the inner mucosa of the intestine remained on top ( Fig. 2ii-iii) . Sample thickness was approximately 1.5 mm. All samples were prepared and tested at room temperature (approximately 22 °C). Small aliquots (less than 1 mL) of the DMEM solution were added periodically during testing to prevent dehydration of the samples.
Indentation apparatus and force relaxation tests
A custom cantilever-based indenter (Fig. 2i) [15, 20] was used to indent tissue samples and record force relaxation over time. A piezoelectric stage (P-628.1CD, Physik Instrumente) displaced a soft titanium cantilever with a 3 mm-diameter rigid tip. Cantilever stiffness (175.4 N/m) was calibrated directly with small weights hung from the cantilever tip. A custom program in LabVIEW (National Instruments) was used to control indentation profile and to read deflection of cantilever tip with capacitive sensor (C8S-3.2-2.0 and compact driver CD1-CD6, Lion Precision) through a data acquisition card system (NI 9220 and cDAQ-9171, National Instruments). The cantilever base was driven to a depth of 60 µm at 6 µm/s and then held for 120 s (Fig. 3) . Because isolated tissues from animals are hard and expensive to obtain, indentation profiles included a modest loading rate that would allow 10 s of data acquisition at 10 Hz with which to fit indentation models in addition to a relaxation phase that reached a quasi-steady state. This afforded flexibility in choosing models to describe tissue behavior with an efficient use of resources. Samples were indented at 4 different locations along the length of the tissue.
Immunohistochemical staining of tissues
Small intestines were rinsed, fixed in 4% paraformaldehyde, and embedded in Sakura Tissue-Tek Oct Compound (4583 OCT Compound; Sakura Finetek USA, Inc., Torrance, CA, USA).
Embedded tissues were cut on a transverse plane into 10 µm thick rings for hematoxylin and eosin (HE) and trichrome staining. Images were captured using an Olympus Model BX41 fluorescent microscope (Olympus, Tokyo, Japan).
Theory and calculations
Hertz contact model
The custom indentation system described in Section 2.2 utilizes a spherical tip to indent the surface of a tissue at a given rate. Using a capacitive probe to measure the deflection of the cantilever tip, force and displacement of the tip can be calculated over time. The Hertz contact mechanics model is frequently used to relate load and indentation depth and identify elastic modulus, E Hertz , for indentation experiments as in Eq. (1) (See derivation and discussion by Vriend [21] ):
where F = force as calculated by tip displacement multiplied by calibrated stiffness; R = radius of spherical indenter tip; δ = indentation depth calculated as stage movement minus deflection of tip; and ν = Poisson's Ratio. This formulation has also been used for a variety of other soft matter indentation studies [22, 23] .
While the Hertz model is often applied to soft tissues and cells because indentation methods can be readily adapted to samples of arbitrary geometries [14, 15, 24, 25] , soft materials can violate assumptions of the original Hertz model [23, 26, 27] . Specifically, Hertzian contact theory assumes that the two materials in contact are isotropic, linearly elastic, and homogeneous. Biological tissues do not fit these assumptions as most are viscoelastic, have nonlinear material behavior, and are highly heterogeneous due to hierarchical tissue structure [28, 29] . However, the millimeter-scale dimensions of our probe capture more homogeneous behavior than the typical nano/microscale of indentation, and the ~10 nmresolution deflections measured with the capacitive probe on our MSI (Fig. 2 ) enable our indentations to be constrained to small deformations. Hertz theory also assumes no friction or adhesion exists between the surfaces, so we are careful to keep the tissues hydrated with media and we use an optically polished ruby tip to reduce friction effects. Complexities of adhesion are reduced by performing analysis of the indentation and relaxation phases but not the retraction phase where adhesive effects are high [26, 30] .
Even with the aforementioned limitations, the sensitivity and precision of our MSI allow us to control many of the depth and dimension parameters that are also constrained with the Hertz model. We find the Hertz model useful to approximate an effective modulus of biological soft matter for small indentations less than 10% of the total thickness of the sample being indented and much less than the diameter of the sphere used for indentation (Fig. 4) [27] . The radius constraint is often operationalized as less than 10% [22] , though original Hertz calculations suggest that less than 1% is appropriate [27] . Similar to a viscoelastic "stress relaxation modulus" that looks at instantaneous changes in effective modulus during stress relaxation [31] , we rearranged the Hertz contact model for parabolic contact area to determine the effective modulus at a given point in time: (2) where F = force as calculated by tip displacement multiplied by calibrated stiffness; R = radius of spherical indenter tip; δ = indentation depth calculated as stage movement minus deflection of tip; and ν = Poisson's Ratio. In our experiments and analyses, R = 1.5 mm, δ max ≈ 60 µm, and ν = 0.4. A typical assumption in other work on gastrointestinal characterization is ν = 0.5 [32, 33] ; however, we used a Poisson's ratio of 0.4 due to compressibility measured in similar tissues in our lab. Our uncertainty analysis indicates that error due to large changes in Poisson's ratio is approximately 100 times less than the uncertainty on our force measurements, so we proceed with this estimate.
Determination of steady-state modulus
In viscoelastic stress relaxation experiments, the stress relaxation modulus E r is calculated at each time point for measured engineering stress, σ(t), and constant imposed strain, ε 0 : E r (t) = σ(t)/ε 0 . Similarly, we estimated the time-dependent E effective during our load relaxation phase using Eq. (2). After allowing ~2 min of load relaxation at a constant indentation depth, measured forces reach a steady-state independent of initial indentation rate (Fig. 5) , similar to the stress relaxation modulus at t = ∞. Our thus-named steady-state modulus (SSM) is a common feature of many complex models though it goes by various titles, including the "aggregate modulus" of poroelastic model [34] and "indentation modulus" in an AFM study similar to ours [22, 35] .
To calculate a reasonable SSM using a simple model, we chose the Standard Linear Solid (SLS) [36] [37] [38] . In the typical spring-dashpot model for the viscoelastic SLS, the single parallel spring, E p , is a reasonable representation of SSM and thus the SLS provides a simple model to which to fit our data to obtain SSM. (3) where E effective is the effective, time-dependent modulus, E p is the steady-state modulus after relaxation, E s is the initial or strain-rate dependent modulus, and η is the viscosity. To fit the experimental relaxation curve to the Standard Linear Solid model, three points were selected at the beginning, middle and end of the relaxation stage. The coefficients for the SLS model were found using an algebraic manipulation as explained in the Appendix, adapted from Moore et al. [38] .
Experimental results and discussion
Evaluation of steady state modulus using indentation
While complex and sophisticated models are required to fully describe stress-strain behavior for all strain rates and loading configurations, we have experimentally determined that our steady-state modulus, derived from a Hertz-modified stress relaxation-type effective modulus, is consistent across strain rates (Fig. 5 ) and thus is a useful metric for simple comparisons of biological tissue.
A simple SLS model can be used to fit effective modulus data during relaxation to estimate the steady-state modulus. SLS fit was evaluated using the Normalized Mean Square Error (NMSE) in the Goodness of Fit MATLAB function. Out of 36 indentations, 30 showed high values for NMSE, indicating good fit. Four data sets had NMSE numbers between 0.72 and 0.42 but still reflected reasonable SSM values upon inspection, and only two of them had negative NMSE values, which were discarded before further statistical analysis (Fig. 6 ). Since we have constrained ourselves to small indentations made possible by our precise capacitive sensor, linear behavior is a reasonable expectation and SLS equations thus provide a reasonable estimate of steady-state behavior. However, the SLS model does not recapitulate initial relaxation behavior well, indicating that non-linear, poroviscoelastic, and/or multiple element models would be required to recapitulate detailed constitutive behavior.
Steady-state moduli show a three-fold increase in SHR samples
In normotensive WKY tissue samples, we observed a steady-state modulus of 5.11 ± 1.58 kPa while the SHR samples yielded a steady-state modulus of 18.17 ± 11.45 kPa, more than 3 times higher than in the WKY samples (Fig. 7) . Previous methods to study the mechanical behavior of the colon have resulted in a wide range of values for modulus spanning 5-6000 kPa [7] [8] [9] [10] [11] [12] . Our calculated values for steady-state moduli fall within this range, and our observation of stiffening with disease parallels findings from studies of colitis and Crohn's Disease [9] [10] [11] . We are the first, however, to demonstrate this increase in mechanical properties for GI tissue in a hypertensive rat model. Importantly, the layered nature of the gut violates isotropy assumptions of the Hertz model, which confounds the causal conclusions we are able to draw from these experiments. Given the utility of indentation methods for characterizing small portions of soft tissue, future work should focus on appropriate contact models of layered materials. Indentations at different depths or with different shapes and sizes of tips may yield sufficient information to parse the properties of layered materials and thus provide useful information about the pathophysiology of different anatomical layers of gut or blood vessel. However, the range of methods required to derive coefficients of generalizable constitutive models may require a number and scope of tests unreasonable for limited availability, small size, and hydrated tissue samples. Prescriptive test protocols for biological tissue similar to ASTM test protocols for manufactured materials may be helpful for comparing across treatment conditions and designing engineered tissues.
Smooth muscle layer and collagen content increased in the SHR gut
A large increase in the thickness of the muscularis layer and the density of the smooth muscle cells was observed in the SHR samples compared to the WKY normotensive control (Fig. 8a and b) . Trichrome staining also showed an increase in the collagen layer deposition in the submucosa layer of the GI track ( Fig. 8c and d) . These increases in collagen and smooth muscle content along with changes in other extracellular matrix proteins of these two layers likely contributed to the increased stiffness that was observed through indentation. Small molecule inhibitors could be used in the future to relax smooth muscle tone prior to indentation to attempt to isolate independent contributions from matrix and cell stiffness. Future investigations are necessary to determine which mechanisms of stiffening and fibrosis are directly activated by HTN and thus responsible for the increased stiffness of SHR colon.
Ultimately, this remodeling and stiffening response should be confirmed in other models of HTN as well. While SHR is used more frequently than other models, other HTN models with genetic, renal, and endocrine etiologies are also available such as the Dahl-rat, twokidney one-clip, and DOCA model, respectively [19] . Gastrointestinal changes with HTN could likely depend on variations in diet, kidney function, and onset of heart failure seen across animal models. Our group has already identified similarities in HTN-related gut dysbiosis between human patients and SHRs, though, so we continue to investigate SHRs along with other small-molecule induced models of HTN [39] .
Despite extensive investigations in the field of HTN over the last half a century, the role of gut physiology has been essentially ignored in blood pressure control and HTN. The gut is one of the highest vascularized organs and possess intricate neural and immune pathways, both critical in the development and establishment of HTN. Stiffness has been shown to increase permeability of blood vessels [40] and may have a similar effect on gut permeability. It is in this context that our observation is significant and persuades us to propose the following hypothesis: an inherent increase in gut permeability as a result of increased stiffness perpetuates a cascade of events in the gut involving inflammation and dysbiosis, which culminate in the development and establishment of high blood pressure.
The mechanism of HTN-linked increase in effective modulus of intestine remains speculative and needs to be investigated. We suggest that autonomic regulation of sympathetic nervous system innervating the gut could be critical in the initiation of this gut pathophysiology [41] . This view is supported by our data and evidence from the literature demonstrating an increase in sympathetic activity in pre-hypertensive humans and in animal models of HTN [42] . However, other possibilities such as a direct effect of angiotensin II (ANG II) on the gut cannot be ruled out. ANG II has been shown to induce fibrosis and hypertrophy of vessels and heart tissue in rodent models of HTN [43] , and these pathologies are also present in the SHR model [44] . Finally, changes in the gut may be indirect and could be induced by increase in blood pressure.
Mechanisms of stiffening exist independent of traditional fibrotic events [14] , so the causal relationship among gut dysbiosis, epithelial permeability, stiffness, and HTN inevitably will be complex. By developing methods and models to characterize the mechanical properties of hypertensive gut, we can now develop disease-mimicking in vitro platforms to control substrate mechanics independent of gut pathophysiology to determine causation. In vitro experiments in stiffness-matched systems will enable additional insight into the role of the gastrointestinal system in the development and maintenance of HTN.
Conclusion
Using a custom-based indentation apparatus, we derived models and methods to determine a steady-state modulus of biological tissue. Using this Hertz-derived approximation, we found that the effective moduli of colon samples from the SHR are nearly 3 times greater in magnitude compared to a normotensive WKY controls. The phenomena that causes the stiffening in relation to high blood pressure is unknown, but this finding reinforces previously reported links between HTN and the gastrointestinal system. In HTN, it has been proposed that the focus should be shifted from lowering arterial blood pressure to altering the remodeling of vascular smooth muscle cells [45] . Our data indicate that abnormal smooth muscle cell activity may be present in other organs as well, which reinforces the need for systemic approaches to understanding HTN that go beyond the cardiovascular system. Our mechanical characterization of large intestine also provides target values for engineered systems to investigate mechanisms of HTN-linked gastrointestinal pathophysiology.
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Statement of Significance
Mechanical characterization of biological materials can provide insight into health and disease of tissue. Recent investigations into a variety of cardiovascular pathologies show coincident changes in the microbiome and pathology of the gut. In this study, we sought to quantify changes in the gut in hypertension through mechanical characterization. Our methods and simple models for characterization, adapted from Hertz indentation models, prove useful to identify a meaningful steady-state modulus metric for small and irregular tissues from laboratory animals. Our data, for the first time, establish a stiffening of the gut wall in Spontaneously Hypertensive Rats. This observation suggests significant structural and functional changes in the gut correlate with hypertension, and future experiments are warranted to explore the specific causal relationship between dysbiosis, fibrosis, and stiffening in the gut during the development and maintenance of hypertension. Reported values for moduli of gastrointestinal tissue span three orders of magnitude, ranging from <1 kPa to >6000 kPa depending on the method and analyses used. Uniaxial and biaxial test (dashed lines) results range from 850 to 6480 kPa (Christensen et al. [7] and Bellini et al. [8] ), but tests using mesoscale compression/indentation methodology (solid line) showed a significantly lower modulus ranging from 0.3 to 58.5 kPa (Stidham et al. [9] , Kim et al. [10] , Johnson et al. [11] , and Stewart et al., this work and small intestine data unpublished). Despite differences that can occur between species, age of the animal, and ex-vivo conditions [12] , the high variability of this data over three orders of magnitude warrants more consistent testing and reporting methods for the characterization of soft tissue. Our MSI is sensitive enough to detect ~10 nm-resolution deflections for stress-relaxation experiments on soft matter. Graph depicts the indentation and relaxation command profile for the piezoelectric stage (dashed blue line, left axis), deflection of the cantilever (solid blue bottom line, left axis), the cantilever tip displacement (δ, solid blue top line, left axis), and resulting calculated forces (orange line, right axis) determined from capacitive sensor values and cantilever stiffness. The ability to sensitively measure small forces and displacements allows for the quantification of mechanical properties using a Hertz model. The Hertz contact model is valid only to certain indentation depths (δ) and is limited based on thickness of the sample (t) being tested and the radius (R) of the indentation tip. The figure shows a schematic of our MSI (right, described in Section 2.2) and a graphical representation of important restrictions on the Hertz model. Among other restrictions, the Hertz model will only be valid for small strains and indentation displacements such that δ ≪ R and δ ≤ 10% of the thickness of the sample [22, 27] . Time-dependent effective modulus is similar to stress relaxation modulus and converges to a consistent steady-state value regardless of initial indentation rate. Indentations were performed at nearby locations (~0.5 mm away) after allowing ~5 min of recovery to minimize natural biological variation between measurements. Representative transverse slices show an increase in smooth muscle proliferation and collagen deposition in SHR samples. Hematoxylin and Eosin staining (top row) shows thickened smooth muscle cell layer in the SHR (red arrow, 8b) from the WKY normotensive control (blue arrow, 8a). Trichrome stains (bottom row) show increased collagen deposition in the SHR sample (8d) in the submucosa layer than in the WKY sample (8c). The red arrow shows the corresponding layers in each sample, where the dense blue layer in the SHR sample is indicative of a higher density of collagen. Scale bars are 50 µm; serosa is featured at the top of each image.
